In this Letter, we introduce a simple metal waveguide array for realizing all-angle wide frequency bandwidth negative refraction from the visible to infrared frequencies. Theoretical analysis from the rigorous coupled-wave theory reveals that the negative coupling constant resulting from the anomalous coupling of guided surface plasmon polariton modes contributes to the negative refraction. The analytical results are confirmed by finite-difference time-domain numerical simulations. Our result provides an alternative way to construct robust all-angle negative refractive materials operating in a wide range of frequency from the near-infrared to the visible range. DOI: 10.1103/PhysRevLett.97.073901 PACS numbers: 42.82.Et, 42.25.ÿp, 73.20.Mf, 78.67.ÿn The negative-refraction (NR) effect [1] has currently attracted considerable interest because it underlays the foundation of a variety of new potential applications [2] and the possibility of investigating extraordinary electromagnetic wave propagation phenomena [3] . It has been demonstrated theoretically and experimentally that both left-handed metamaterials [4 -7] and photonic crystals [8] [9] [10] [11] [12] [13] [14] [15] can achieve NR from microwave to near-infrared frequencies. Furthermore, all-angle NR (AANR) for lens imaging at microwave frequencies by metamaterials [16, 17] and at optical frequencies by photonic crystals [18, 19] has also been demonstrated recently, but the operating bandwidth is still limited in a narrower frequency range [16 -19], and the realization of broadband AANR at an optical frequency, especially in the visible region, is still a challenge.
The negative-refraction (NR) effect [1] has currently attracted considerable interest because it underlays the foundation of a variety of new potential applications [2] and the possibility of investigating extraordinary electromagnetic wave propagation phenomena [3] . It has been demonstrated theoretically and experimentally that both left-handed metamaterials [4 -7] and photonic crystals [8] [9] [10] [11] [12] [13] [14] [15] can achieve NR from microwave to near-infrared frequencies. Furthermore, all-angle NR (AANR) for lens imaging at microwave frequencies by metamaterials [16, 17] and at optical frequencies by photonic crystals [18, 19] has also been demonstrated recently, but the operating bandwidth is still limited in a narrower frequency range [16 -19] , and the realization of broadband AANR at an optical frequency, especially in the visible region, is still a challenge.
Generally speaking, a periodic structure is capable of producing NR for electromagnetic waves. For example, a simple dielectric waveguide array can bend light in the direction opposite to that observed in common media at a limited incident angle within a narrow frequency bandwidth [20, 21] . However, less attention was paid to its metallic counterparts, especially the nanoscale ones [22] , until a very recent exploration that nanoscale metal waveguide arrays (MWGAs) show an interesting lens effect at a fixed optical wavelength [23] . In this Letter, we will reveal that nanoscale MWGAs can actually achieve AANR over a wide frequency bandwidth from visible to infrared ranges. We show the NR effect by the coupled-wave theory and further establish the effect by finite-difference timedomain (FDTD) numerical simulations. Further analysis on the conditions for AANR implies that MWGAs are suitable for visible wavelength operation in a wide bandwidth. We attribute the NR effect to coupling of propagating surface plasmon polaritons (SPPs) among the adjacent guides.
Our work begins with the analysis of a simple discrete system containing two adjacent two-dimensional (2D) metal waveguides by a rigorous field analysis approach, where linear coupling of propagating SPPs in the guides is considered. The structure is schematically drawn in Fig. 1(a) ; h is the guide width and d is the thickness of the metal film. " 1 >0 and " 2 <0 represent the relative permittivities of dielectric material in guide regions and metal material, respectively. The transverse magnetic field distribution H y of SPP modes in the waveguides (along the y axis) can be written as:
are the transverse propagation constants (along the X axis) of SPPs in dielectric (" 1 ) and metal (" 2 ), respectively, and and k 0 are that of SPPs in a waveguide (along the Z direction) and incident light in vacuum, respectively. A 0 , B 0 , C 0 , D 0 , E 0 , F 0 , G 0 , and H 0 are the mode amplitudes of SPPs in metal and dielectric of the guides, respectively, on different interfaces. By applying the boundary condition that H y must be continuous on the interfaces, Eq. (1) can be reduced to:
A similar E z distribution can be obtained by applying Maxwell equations on Eq. (1). Then, by solving the equations of E z and H y , we get the dispersion relation of SPPs [24] :
The relationship between mode amplitudes D 0 and E 0 in metal at x d=2 and x ÿd=2, respectively, is
which can be used to denote the relative amplitudes and phases of H y in guides 1 and 2, respectively. We can see from the figure that, for a certain guide width d, Eq. (3) has two solutions s and a . By substituting these two solutions into Eq. (4), we will find that when s , we have D 0 =E 0 1, which indicates that the modes in the two waveguides are symmetric, while when a , we will get D 0 =E 0 ÿ1, indicating that the modes in the two waveguides are antisymmetric. So, s and a are the symmetry and antisymmetry mode's propagation constant. From the coupled-wave theory, we know that the field distribution of propagating SPPs in MWGAs satisfies the following differential equation [21] :
where a n z represents the amplitude of magnetic field H in the nth guide, and C s ÿ a =2 is the coupling coefficient [25] . The dispersion relation of SPPs in MWGAs is [26] 
where s a =2, k x and k z are the x, z component of wave vector k of SPPs, and D d h is the waveguide period, which determines the size of Brillouin zone and the period of the periodic dispersion. From Fig. 1(b) , we see that a > s in MWGAs, which produces a negative coupling coefficient C, indicating an anomalous coupling compared with common dielectric waveguide arrays, in which the coupling coefficient is generally positive. From Eq. (6), we get the dispersion relation [ Fig. 2(b) ] of SPPs passing through the MWGAs schematically shown in Fig. 2(a) . One can see that, within the first Brillouin zone (ÿ < k x D < ), the dispersion of SPPs in MWGAs is a hyperbolic curve and, hence, is capable of realizing NR with k V g > 0 [27] . From the definition of group velocity
, one knows that v g of SPPs must lie normal to the isofrequency contour [28] . Then we can see that, within ÿ=2 < k x D < =2, the group velocity of SPPs shows NR while the phase velocity (wave vector) undergoes positive refraction [9, 29] .
To further demonstrate the analytical results, we numerically simulate the propagation behavior of a light beam passing through the interface between a homogenous dielectric (air) and a MWGA [ Fig. 2(a) ] constructed with silver using the FDTD method. The relative permittivity of Ag is taken to be the measured value of " 2 ÿ15:7 0:94j at the excited light wavelength ( 632:8 nm) [30] . The dielectric layer in the guide region is taken to be air (" 1 1). The thicknesses of the air layer is 30 nm and that of Ag film is 20 nm (thinner than the skin depth of Ag of 25 nm [31] ), so that the period of MWGAs D 50 nm. When a TM-polarized Gaussian light beam with the full width at half maximum (FWHM) of 690 nm is incident into the MWGAs with a 40 angle, the simulated distribution is presented in Fig. 2(c) . One can see that the incident and refracted beams are indeed in the same side of the normal of the interface, meaning that an NR phenomenon appears. From the phase plot of SPPs in MWGAs [ Fig. 2(d) ], however, one can see that, as indicated in the dispersion relation of Fig. 2(b) , the phase velocity of SPP modes in MWGAs shows positive refraction.
For the purpose of getting AANR with MWGAs, one has to satisfy the condition jk x Dj < =2 [ Fig. 2(b) ]. In the above case of waveguide period D 50 nm, we see that AANR can be achieved only if the incident light wavelength is longer than 200 nm (j2= Dj < =2). This implies that MWGAs can show AANR in a large range of frequency bandwidth from visible to near-infrared regions ( > 200 nm in our present case) by modulating the geometry of MWGAs.
From the slope of the isofrequency contour, we can determine the refraction angle from:
in which k x k 0 sin', and ' is the incident angle. It is straightforward to get the effective refractive index of MWGAs by Snell's law: Figure 3 shows the relation between n eff of MWGAs in Fig. 2(a) and ' at 632:8 nm. We find that, except for a small variation with the change of incident angle, n eff is always negative, indicating again that AANR can be realized. Reproducible realization of nanometer-sized air gaps between Ag films for constructing MWGAs by current lithography-based technologies is difficult. However, deposition of nanometer-thick metal and dielectric films is sufficiently feasible with conventional techniques. Therefore, in the following, we introduce nanometer-thick dielectric interlayers to connect the MWGAs, which should facilitate the realization of MWGAs and the demonstration of novel phenomena associated with the AANR in broadband from visible to near-infrared ranges. Figure 4 (a) schematically shows the setup for the imaging of MWGAs composed of 40 pieces of guides. The geometrical parameters of the structure are selected to be h 40 nm, d 10 nm, and " 1 2:25SiO 2 so as to make n eff ÿ1 for the MWGAs. A line source ( 632:8 nm) is placed 400 nm away from the interface between air and MWGAs. Figures 4(b) and 4(c) present the jH y j 2 distribution and the phase wave front of H y , respectively, as SPPs pass through a 1:15 m-long MWGA. We get an image on the other side of MWGAs with a FWHM of 280 nm [ Fig. 4(d) ], which is smaller than =2 and thus achieving superdiffraction limit imaging. This can further be confirmed by observing the evolution of SPPs passing through the MWGAs. Figure 5 shows the normalized intensity evolution of a light wave passing through the free space, a dielectric lens, and a MWGA, respectively, within 30 000 time steps. We can see that, after 5000 time steps, light wave possesses a strong oscillation in the image plane of MWGAs. Further observation on the light wave at the immediate exit facet of MWGAs shows stronger oscillations than that in its image plane, indicating that MWGAs can collect some evanescent components of light wave for imaging with a resolution beyond the diffraction limit [32] . With the well developed scanning near-field optical microscopy, one is capable of experimentally characterizing the above AANR effect and imaging properties of propagation SPPs through the MWGAs.
For any application that employs SPPs, metallic loss is one of the major concerns. For example, the propagation loss of SPPs in MWGAs may affect their imaging effect. However, as shown above (Fig. 4) , even in the case of using realistic metal Ag, the MWGAs can still realize functional imaging. By operating at low temperature [33] or by introducing a gain medium [34] to quench the effect of losses, the imaging effect of MWGAs should be further improved.
In conclusion, we showed that MWGAs can realize allangle broadband negative refraction in the optical range from the visible to the infrared region by the coupled-wave theory, and the analytical results are confirmed by FDTD numerical simulation. The negative coupling constant resulted from the anomalous coupling of guided SPPs is attributed to the negative refraction. Our modes provide a robust way to construct AANR materials operating in a wide frequency band from near-infrared to visible ranges. 
